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Depth-resolved magnetic and structural analysis of relaxing epitaxial Sr,CrReQOg
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Structural relaxation in a Sr,CrReQOg epitaxial film, which exhibits strong spin-orbit coupling, leads to
depth-dependent magnetism. We combine two depth-resolved synchrotron x-ray techniques—two-dimensional
reciprocal space mapping and x-ray magnetic circular dichroism—to quantitatively determine this effect.
An 800-nm-thick film of Sr,CrReOg, grown with tensile epitaxial strain on SrCrysNbgsO3(225nm)/
(LaAlO3)03(Sr,AlTaOg)g 7, relaxes away from the Sr,CrReOg/SrCrgsNbysO; interface to its bulk lattice
parameters, with much of the film being fully relaxed. Grazing incidence x-ray diffraction of the film elucidates
the in-plane strain relaxation near the film-substrate interface, while depth-resolved x-ray magnetic circular
dichroism at the Re L edge reveals the magnetic contributions of the Re site. The smooth relaxation of the film
near the interface correlates with changes in the magnetic anisotropy. This provides a systematic and powerful
way to probe the depth-varying structural and magnetic properties of a complex oxide with synchrotron-source

x-ray techniques.
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I. INTRODUCTION

Epitaxial strain is an important mechanism in thin films
that can simultaneously affect structural, electronic, optical,
thermal, and magnetic properties. For tuning of electronic
properties, epitaxial strain is often present in heteroepitax-
ial devices such as optoelectronic and band-gap-engineered
structures [1]. Magnetic properties can be readily tuned
by structural distortions (via strain), particularly in materi-
als exhibiting strong magnetocrystalline anisotropy (MCA).
MCA is a product of spin-orbit coupling, wherein the elec-
tronic spin moments couple to the orbital moments, and thus
the lattice. Even small epitaxial strains (less than 1%) can have
drastic effects on magnetic properties in materials exhibiting
large MCA [2-6].

For small coherent strains in thin films, it is expected that the
strain will obey elasticity theory without severely perturbing
the crystal growth. In this regime, of approximately 1% strain
or less {strain f = [ag(substrate) — ap(film)]/[ao(film)]},
films can be grown up to a critical thickness before strain
relaxation takes place. Below the critical thickness, the elas-
tically strained structure remains thermodynamically stable,
while above it the lattice can relax [7] via mechanisms such
as the onset of misfit dislocations or, particularly in oxides,
strain accommodation by oxygen vacancies. In thin films
ranging from hundreds of nanometers to several micrometers
in thickness, strain relaxation is important and, in materials
exhibiting large MCA, can lead to correlated and depth-
dependent structural and magnetic behavior.

Materials in the class of double perovskites have been
shown to possess a variety of interesting properties (e.g.,
room-temperature magnetoresistance in Sr,FeMoOg [8]).
These materials, such as Sr,CrReOg (the focus of this
study), are strongly correlated electronic systems that provide
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opportunities for interesting experimental and theoretical
studies [9—11]. We have previously explored the spin
and orbital magnetic moment contributions by Cr, Re,
and O in Sr,CrReOg (SCRO) films using x-ray magnetic
circular dichroism [2,12,13]. We have also demonstrated
extraordinarily large MCA in SCRO films, which is tunable
via epitaxial strain [3]. Here, we report depth-resolved studies
of the magnetic and structural properties of an 800 nm
SCRO epitaxial film grown on a 225 nm buffer layer of
SrCI‘o,5NbQ,503 (SCNO) on a (LaAlO3)043(SrzAlTaO6)0,7
(LSAT) substrate. The buffer layer imposes approximately 1%
tensile strain on the SCRO film and the film relaxes away from
the buffer layer interface. We combine two synchrotron-source
x-ray techniques, namely depth-resolved two-dimensional re-
ciprocal space mapping via grazing incidence x-ray diffraction
(GIXD) and depth-resolved x-ray magnetic circular dichroism
(XMCD), to show correlation between structural distortions
and magnetic behavior in the relaxing 800 nm SCRO film.

II. FILM GROWTH AND PROFILE DETAILS

The SCRO and SCNO layers were deposited using an
off-axis ultrahigh-vacuum magnetron sputtering technique we
have developed in recent years [3,4,14—20]. The nonmagnetic
and insulating SCNO buffer layer was deposited to a thickness
of 225 nm on an LSAT substrate. The large mismatch between
the buffer layer and substrate lattice constants (just over 2%
mismatch) causes the buffer layer to quickly relax away from
the substrate interface to nearly its bulk lattice constants. An
800 nm SCRO film was then deposited directly onto the buffer
layer. The result, as previously mentioned, is a relaxing 800 nm
SCRO film with imposed tensile strain at the buffer layer
interface.

We use a Bruker D8 Discover high-resolution triple-axis
x-ray diffractometer to characterize the overall structural
profile of the heterostructure. Figure 1 shows the 6/20 x-ray
diffraction (XRD) scan around the LSAT (002), SCNO (002),
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FIG. 1. (Color online) XRD scan around the Sr,CrReOg (004)
peak for the 800 nm Sr,CrReO¢ film grown on a 225 nm buffer
layer of SrCrysNbysO; on LSAT. The Sr,CrReOg (004) peak
exhibits two features: one corresponding to the interfacial region
epitaxially strained (tensile in-plane strain) to the buffer layer, and
one representing the relaxed region of the film. The inset depicts the
heterostructure growth profile.

and SCRO (004) peaks, which allows measurement of the
out-of-plane lattice constants. An XRD scan (not shown) was
performed at a tilt angle W = 45° for diffraction of the SCRO
(022) and SCNO (011) planes in order to characterize the
in-plane lattice constants. The inset in Fig. 1 depicts the
heterostructure growth profile.

First, we observe both the SCRO (004) and SCNO (002)
peaks, which are clearly distinguishable from the LSAT
substrate peak due to the differences in out-of-plane lattice
constants.

The SCNO (002) peak shows asymmetry, which is evidence
of its relaxing structure away from the LSAT interface, and it
exhibits Laue oscillations, demonstrating its smoothness and
uniformity. Meanwhile, Laue oscillations from the 800 nm
SCRO film cannot be resolved due to its large thickness. The
SCRO (004) peak reveals two characteristic features (labeled
in Fig. 1). One corresponds to the SCRO-SCNO interfacial
strained region and the other corresponds to the relaxed region
of the 800 nm SCRO film. The choice of which feature
represents the strained interfacial region (shown at higher 26
in Fig. 1) is determined by previous experiments with thinner,
fully strained SCRO films on SCNO [3]. In addition, for tensile
strain such as that at the buffer layer interface, the out-of-plane
axis will contract, resulting in a diffraction peak at a larger
angle. The feature corresponding to the relaxed region of the
film is much stronger than that corresponding to the strained
interfacial region, and a smooth shoulder connects the two.
This suggests that much of the film is fully relaxed while
strain relaxation occurs near the substrate interface. The ratio
of the two characteristic SCRO peak intensities suggests that
approximately 100 nm of the SCRO film is strained or relaxing,
while the remaining thickness of the film is fully relaxed.

XRD results give the average lattice constants of the SCNO
buffer layer and the SCRO film. The SCNO buffer layer has
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lattice constants (in-plane) 2a, = 7.892 A and (out-of-plane)
2¢ = 7.960 A. The SCRO interfacial strained region gives av-
erage lattice constants @, = 7.872 Aand ¢ = 7.810 A (c/a, =
0.992), and the SCRO relaxed region gives average lattice
constants a, = 7.812 A and ¢ = 7.830 A (c/a, = 1.002). The
subscript p denotes the pseudocubic double perovskite unit
cell. The in-plane lattice parameters reveal that the SCNO
buffer layer imposes approximately 1.1% tensile strain on the
SCRO film at the buffer layer interface.

III. MAGNETIC PROPERTIES

In our previous work, we used XMCD to quantify the
spin and orbital moment contributions of the Cr and Re
sites in SCRO films for three instances of epitaxial strain:
(approximately) 0.8 % compressive strain imposed by an LSAT
substrate, 0.15% tensile/nominally relaxed strain imposed by
a SrTiO3 (STO) substrate, and 1.1% tensile strain imposed by
an SCNO buffer layer on LSAT [2]. Previous experiments
also demonstrated the strain-tunable and strong MCA in
SCRO films, which is driven primarily by the Re sites. These
experiments show that the magnetic easy axis flips from in
plane to out of plane, depending on the epitaxial strain imposed
by the substrate. The easy axis remained in plane for SCRO
films grown on compressive (LSAT substrate) or relaxed (STO
substrate) strains and flipped to out of plane for SCRO films
grown on tensile (SCNO buffer layer on LSAT) strain. This
flipping of the easy axis corresponds to a change in sign of
the MCA [3]. Interpolation suggested MCA should change
sign at a tensile strain of about 0.30%, in agreement with the
value predicted by previous density-functional theory (DFT)
generalized gradient approximation (GGA) calculations [21].

For the present work, we expect that within the 800 nm
SCRO film, near the interface, there is a smooth relaxation
from large tensile strain to nominally relaxed strain (crossing
the 0.3% threshold for flipping of the MCA), likely mediated
by the presence of oxygen vacancies. Since Re has been shown
to drive the switching of MCA [3], we focus here on XMCD
of the Re L edge. Figure 2 shows the x-ray absorption (XAS)
and XMCD spectra for the Re L, edge for an x-ray penetration
depth of 1384 nm at a temperature 7 = 200 K. The x-ray
penetration depth, §,, is defined as the depth in the film at
which the x-ray intensity drops off to 1/e its incident value
and is controlled via the grazing incidence angle of the x rays
relative to the film surface, such as in Ref. [22]. The maximum
grazing angle used in the experiments is 8.65°, so that shape
anisotropy effects can be neglected.

As can be seen in Fig. 2, there is a readily apparent XMCD
signal at the Re L, edge that allows observation of magnetic
behavior of the Re sites. To better probe the smooth transition
of magnetization at the Re sites as the SCRO film relaxes
away from the buffer layer interface, we measure magnetic
hystereses at various x-ray penetration depths using XMCD.
The hystereses are measured by fixing the x-ray energy to
the peak position of the Re L, edge (E = 11.965 keV) and
sweeping the in-plane magnetic field between +3.5 T and
—3.5 T. The XAS and XMCD data were recorded at each field
value. To account for variance in the incident x-ray intensity
and changes in the Re L edge white line intensity (which may
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FIG. 2. (Color online) XAS and XMCD spectra for the Re L,
edge at an x-ray penetration depth of 1384 nm from the SCRO
film surface. The spectra are recorded at a temperature 7' = 200 K.
The penetration depth, §,, defined as the depth in the film at which
the x-ray intensity drops to 1/e its incident value, is controlled via
the grazing incidence angle.

be depth-dependent due to strain), the resultant hystereses are
plotted as the ratio of the XMCD to XAS signals.

Figure 3(a) shows the Re L, XMCD/XAS hysteresis loops
for nine different x-ray penetration depths: 3, 87, 158,228, 299,
384, 553, 922, and 1384 nm from the film surface. Across the
Re L, absorption edge, the absorption length and the critical
angle for total external reflection vary significantly due to
changes in the absorption cross section of Re. We calculate the
absorption length and critical angle for total external reflection
using the Re L, XAS data from the sample of interest. The
results are shown in Fig. 3(b). Using these values, we estimate
the penetration depth for each incident angle used for the
hysteresis loops shown in Fig. 3(a). The penetration depth
calculations include refraction corrections for the incident
angles. The attenuation of the emitted Re Lg fluorescence
within the film was neglected (at most a 5% change) since the
absorption length of the Re Lg (19,100 nm) within the SCRO
film is much longer than the total film thickness (800 nm).

It should be noted that due to x-ray attenuation, data
measured in the grazing incidence geometry are convoluted.
The detected signal is primarily determined by the attenuation
of incident x rays since the attenuation of the emitted Re
Lg fluorescence within the film is small. To aid the reader
in visualizing the effects of convolution, we show in Fig. 4
the relative contributions of regions in the film as functions
of the depth from the surface. It is readily seen that as the
grazing angle is increased, the effective sampling of regions
near the film—substrate interface increases. For example, at a
penetration depth of 87 nm (magenta circles) there is almost
no contribution from regions beyond 350 nm from the film
surface. This fact remains for structural measurements that
will be discussed in the next section.

The first penetration depth of 3 nm is measured using an
incident angle below the critical angle, and so the data are
sensitive to only the top few nanometers of the film. Near the
surface of the film, the SCRO structure is expected to be fully
relaxed with a structure similar to that of epitaxial SCRO/STO,
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FIG. 3. (Color online) (a) Magnetic hysteresis loops measured in
the grazing incidence x-ray geometry shown [inset in panel (b)] for
various x-ray penetration depths. The x-ray intensity at the penetration
depth, §,, is I = Iy/e, where I is the incident intensity at the film
surface. External magnetic fields are applied along the incident x-ray
direction, essentially in the film plane, at grazing angles. The loops
are scaled for separation and visual clarity. (b) Absorption length
(um) and critical angle (deg) of the SCRO film as functions of x-ray
energy near the Re L absorption edge.

as in Ref. [2]. Thus, near the surface the easy magnetic axis
should be in the plane of the film. Near the SCNO buffer
layer interface, however, it is expected that the tensile strain
should flip the magnetic easy axis to out of plane. The smooth
transition between these two regimes is observable in Fig. 3(a).
We intentionally plot the various penetration depths following
the colors of the visible spectrum to guide the eye. At a
penetration depth of 3 nm (magenta circles), one can see
that the hysteresis loop is more square than the loop shown
for a penetration depth of 1384 nm (red squares). Since the
hysteresis loops shown do not represent measurable magnetic
moments (integrated edge intensities are needed for that), one
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FIG. 4. (Color online) Relative contributions to the detected sig-
nal of depths within the SCRO film (from the surface) plotted for
various grazing incident angles [following the same color scheme
as Fig. 3(a)]. As the grazing angle is increased, so is the relative
contribution of regions near the film-substrate interface.

should not compare the magnitudes of the loops. However, the
loops are self-consistent and their shapes (such as squareness)
can be compared.

To quantify the squareness of the hysteresis loops shown in
Fig. 3(a), we compare the remanent and high-field (3.5 T)
magnetizations and plot the ratio as a function of x-ray
penetration depth. Remanent and high-field magnetizations
were obtained from the hysteresis loops via smooth fitting of
the data near these field regimes. The magenta and red arrows
in Fig. 3(a) denote points used for the squareness calculations
of the two extreme penetration depths (3 and 1384 nm), but the
actual values of these points are dependent on normalization
(whereas their ratio is not), and we do not provide the values
here. The results of the squareness calculations are shown in
Fig. 5(a), with error bars denoting systematic error due to
fitting of the hysteresis loops.

The ratio of the remanent to high-field magnetizations can
be thought of as a measure of the easiness of the magnetic axis
being probed (here, we apply magnetic fields in the plane of the
film). Thus, in Fig. 5(a), ratios closer to O represent a hard axis
and ratios closer to 1 represent an easy axis in the film plane. As
expected, near the surface of the film the squareness is closer
to 1, while at larger penetration depths the squareness moves
toward 0. We expect the squareness to approach a terminal
value as the x-ray grazing angles reach large values since the
800 nm SCRO film becomes more uniformly sampled (see
Fig. 4). The in-plane field of 3.5 T is strong enough to nearly
fully saturate regions of the film with in-plane easy axes, but
regions with out-of-plane easy axes will give squareness values
farther away from O as they are not nearly fully saturated [2,3].
This effect, along with convolution due to x-ray attenuation
in the film, leads to a narrow window of squareness values
achieved from the data. However, the variation is systematic
and readily observable.

IV. STRUCTURAL AND MAGNETIC CORRELATION

Figure 5 also shows, in panel (b), structural information as a
function of x-ray penetration depth. We use grazing incidence
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FIG. 5. (Color online) (a) Squareness of the hysteresis loops of
Fig. 3, where squareness approaching 1 corresponds to an in-plane
magnetic easy axis. (b) d spacings of the SCRO (226) planes obtained
using two-dimensional reciprocal space mapping in the grazing
incidence x-ray diffraction geometry for various x-ray penetration
depths. An inset is provided in panel (a) to show an example of raw
RSM data. The solid curves are guides to the eye.

x-ray diffraction (GIXD) along with two-dimensional
reciprocal space mapping (RSM) to determine the spacing
of the (226) planes in the SCRO film as a function of x-ray
penetration depth. We perform HKL mesh scans around the
(113) Bragg reflection for the LSAT substrate, fixing K = 1,
while using a GIXD geometry to control the Xx-ray penetration
depth. The (226) and (113) Bragg reflections for the SCRO
and SCNO layers, respectively, are also seen in these scans.
An example of the raw RSM data is shown in the inset in
Fig. 5(a). Fits of the HKL positions for the SCRO (226) peaks
allow the spacings of the planes to be determined for various
x-ray penetration depths. It should be noted that the structural
data are convoluted by the spatial exponential decay of the
x rays. Deconvolution requires a thorough knowledge of the
complete strain profile, and such data are not presented here.
Fitting of the two-dimensional reciprocal space map data
was performed utilizing the built-in MATLAB curve-fitting tool
with custom fit functions. The two dominant peaks in each
spectrum, namely the substrate and film peaks, were each fit
with a two-dimensional rotated elliptical Gaussian. The overall
fits for the maps resulted in average R? (goodness of fit) values
>0.998. Fitting of the peaks provided the HKL positions (with
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fixed K = 1), from which we calculated the reflection angle,
26, according to Bragg’s law. It is important to note that all
HKL values reported by the diffractometer are in reference to
the orientation matrix of the LSAT substrate, so that

ALSAT
(H?>+ K?+ L?)!1/?

In other words, the reflection angle of the detector is deter-
mined by the HKL values of the LSAT substrate.

To determine d spacings from the calculated detector
angles, refraction corrections must be made. Refraction cor-
rections are important for grazing incidence x-ray geometries,
particularly when measurements are sensitive to the scattering
vector (such as in Bragg diffraction). We follow the model of
Toney et al. [23] to find the angle correction, 2A0,

200~ 6 = ([0 = 02) + 4] — 02+ 0%) "

ni =2

sin(0). €))]

@

where ¢ is the grazing incidence angle, ¢, is the critical angle
of either the film or substrate (depending on which peak is
being analyzed), and B is the imaginary part of the index of
refraction given by Au/4m (w is the linear absorption coeffi-
cient). For SCRO (LSAT), we use ¢. = 0.178° (¢, = 0.176°)
and B =2.31x1077(8 =1.92 x 1077). Determination of
these factors was achieved through combined reflectivity mea-
surements on the diffractometer and calculations according to
LBL and NIST resources [24,25].

Once both the film and substrate peaks are corrected for
refraction effects, we must also correct for any instrument
misalignment by shifting the substrate peak to its standard
position, which should not show depth dependence and should
remain fixed at (HKL) = (113). The misalignment corrections
applied to the substrate peaks are therefore equally applied to
the film peaks for each x-ray penetration depth.

The d spacings of SCRO (226) planes given in Fig. 5(b)
are largely representative of the out-of-plane lattice constant,
¢, since these planes make a relatively small angle (~25.2°)
with the film plane. From previous experiments, it is known
that the magnetic easy axis aligns with the short axis of the
unit cell [2,3]. Thus, at the surface of the 800 nm SCRO film,
where the short axis of the unit cell lies in-plane, the magnetic
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easy axis should align in-plane. Meanwhile, near the buffer
layer interface, the short axis of the unit cell lies out-of-plane,
resulting in an out-of-plane magnetic easy axis. The squareness
values given in Fig. 5(a) corroborate these expectations and
demonstrate the correlated structural and magnetic behavior
in the relaxing 800 nm SCRO film.

V. CONCLUSIONS

In conclusion, we demonstrate correlated magnetic and
structural behavior in an 800 nm SCRO film, which relaxes
away from the SCNO buffer layer interface, using complemen-
tary synchrotron XAS/XMCD, reciprocal space mapping, and
x-ray diffraction techniques. The buffer layer imposes tensile
strain on the SCRO film, resulting in an out-of-plane magnetic
easy axis near the buffer layer interface. Strain relaxation
near the buffer layer interface causes a smooth transition
to an in-plane magnetic easy axis. XMCD data at an x-ray
penetration depth of 1384 nm confirm readily measurable
magnetism at the Re site. XMCD hysteresis loops over many
x-ray penetration depths demonstrate the smooth transition of
magnetism, which is well correlated to the structural relaxation
shown using two-dimensional reciprocal space mapping in the
grazing incidence x-ray diffraction geometry.
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